Proper positioning of the cleavage furrow is essential for successful cell division. The mitotic spindle, which consists of dynamic astral microtubules and stable equatorial microtubules is responsible for this process. However, little is known about how microtubules are regulated in a time-and region-dependent manner. Here, we show that a-actinin-regulated cortical actin filament integrity is crucial to specify different populations of microtubules during cell division in mammalian cells. Depletion of a-actinin caused aberrant recruitment of centralspindlin, but not aurora B or PRC1, to the tips of astral microtubules, leading to a stable association of astral microtubules with the cortex and induction of ectopic furrowing. Depletion of a-actinin also caused impaired assembly of midzone microtubules, leading to a failure of relocation of aurora B to midzone. Our findings unveil an unexpected yet crucial role for an actin crosslinking protein in the regulation of the localization of the microtubule-associated cytokinetic regulator.
Introduction
Successful cytokinesis requires proper positioning of the cleavage furrow. Pioneering studies have indicated that microtubules are responsible for the determination of the position of the cleavage furrow (Hiramoto, 1981; Rappaport, 1986) . In mammalian cells it has been proposed that dynamic astral microtubules inhibit cortical ingression at the polar region, whereas stable equatorial microtubules that include a subset of astral microtubules and midzone microtubules promote furrow ingression (Canman et al., 2003) . However, it remains unknown how microtubules are differently regulated in different regions during cytokinesis.
Formation of stable equatorial microtubules requires the centralspindlin complex, the chromosome passenger complex (CPC) and the microtubule binding and bundling protein PRC1. Centralspindlin consists of a dimer of a kinesin-6, MKLP1, and a dimer of a RhoGAP containing a GTPase activating protein domain, MgcRacGAP. The CPC is composed of aurora B kinase, INCENP, survivin and borealin. Although the functional roles of these proteins in cytokinesis have been well studied (Lewellyn et al., 2011; Mollinari et al., 2005; Yüce et al., 2005; Zhao et al., 2005) , little is known about how they associate only with equatorial microtubules.
Previously we showed that overexpression of a-actinin inhibited cytokinesis, whereas depletion of a-actinin induced accelerated cytokinesis and ectopic furrows in mammalian cells (Mukhina et al., 2007) . This suggests the intriguing possibility that a-actinin may be involved in the specification of different microtubule populations. Here we have tested this hypothesis using molecular manipulations and microscope-based techniques.
Results and Discussion
We first determined the effects of modulation of the a-actinin levels on mitotic spindle organization. In control cells expressing GFP-atubulin alone, bundled equatorial microtubules were found associated with the cortex during furrow ingression (12/12; Fig. 1A, Control, arrows) . In contrast, in cells expressing GFP-a-tubulin together with a-actinin-CherryFP that showed delayed cytokinesis (Mukhina et al., 2007) , equatorial microtubules were poorly bundled and few microtubules were associated with the equatorial cortex (7/25; Fig. 1A , Overexpression of a-actinin-CherryFP, arrows). Previously we observed accelerated cytokinesis and/or ectopic furrowing in ,40% of cells depleted of a-actinin where ,70% of endogenous aactinin was depleted (Mukhina et al., 2007) . Strikingly, in ,40% of cells expressing GFP-a-tubulin together with shRNA against a-actinin where ,65% of endogenous a-actinin was depleted (supplementary material Fig. S1 ), astral microtubules were associated with the cortex outside the equator and bundled in the ectopic furrow (4/11; Fig. 1A , a-actinin shRNA, arrows). These results suggest that a-actinin is involved in the regulation of mitotic spindle organization.
To test if astral microtubules are stabilized in cells depleted of a-actinin even in early mitosis, siRNA against a-actinin was microinjected into NRK cells stably expressing CherryFP-atubulin where ,10% of a-tubulin is tagged with CherryFP (supplementary material Fig. S2 ) and microtubule dynamics were analyzed in metaphase cells using kymograph. Astral microtubules were highly dynamic in control cells expressing CherryFP-a-tubulin (0/13; Fig. 1B , Control), whereas they were stabilized in cells microinjected with siRNA against a-actinin (8/ 23; Fig. 1B , a-actinin siRNA). We also observed a significant reduction in the number of comets of EB1, a protein strongly associated with the plus end of growing, but not stable, microtubules (Morrison et al., 1998; Shannon et al., 2005; Tirnauer et al., 2002) near the cell cortex in cells depleted of aactinin as compared to control cells (Fig. 1C,D) .
To analyze if astral microtubules become stably associated with the cortex in cells depleted of a-actinin, HeLa cells were transfected with siRNA against a-actinin (supplementary material Figs S3, S4) and the number of microtubules associated with the cortex in the half spindle was counted. HeLa cells depleted of a-actinin exhibited abnormal astral microtubule organization ( Fig. 2A ) similar to what we observed in NRK cells depleted of a-actinin (Fig. 1A,B) . We detected a significant increase in the number of microtubules associated with the cortex in cells depleted of a-actinin (14.260.5; n515) where the density of F-actin was decreased (Mukhina et al., 2007) compared to control cells (9.960.4; n516; P,0.0001) ( Fig. 2A,B) .
Treatment of cells with a cell permeable Rho inhibitor C3 enzyme caused a decrease in F-actin density but no significant increase in the number of microtubules associated with the cortex was observed (7.360.2; n511) as compared to DMSO-treated cells (7.160.4; n510) (Fig. 2C,D) . Similarly, treatment of cells with latrunculin A, an actin polymerization inhibitor, did not promote stable microtubule-cortex associations (supplementary material Fig. S5 ). These results suggest that a-actinin-dependent cortical F-actin integrity is required to prevent stable microtubule-cortex association.
To determine if stable microtubule-cortex associations induced by depletion of a-actinin requires myosin II activity, cells depleted of a-actinin that were treated with a selective myosin-II inhibitor blebbistatin were analyzed (Fig. 2E,F) . The number of microtubules associated with the cortex (8.260.3; n513) was significantly less in these cells as compared to cells treated with DMSO (12.560.6; n512; P,0.0001) (Fig. 2F ), suggesting that a-actinin is required to prevent stable microtubule-cortex associations through suppressing myosin-based cortical contractility.
Next we determined if centralspindlin, composed of MKLP1 and MgcRacGAP, is involved in stable microtubule-cortex associations induced by depletion of a-actinin. Strikingly, small dot-like structures of MKLP1 were detected at the tips of astral microtubules in close proximity to the cortex in cells depleted of a-actinin (7/19; Fig. 3A , a-actinin siRNA), whereas it was faintly localized to the kinetochore microtubules in control cells (0/14; Fig. 3A, control; Sellitto and Kuriyama, 1988) . Similar localization patterns of MgcRacGAP were detected in cells depleted of aactinin (5/16, Fig. 3B , a-actinin siRNA). When cells depleted of aactinin were treated with either nocodazole or blebbistatin, MKLP1 was rarely observed near the cell cortex (0/24; Fig. 3C S6b ). In contrast to centralspindlin, both aurora B, a component of CPC, and PRC1 were rarely detected at the tips of astral microtubules in cells depleted of a-actinin (n517 for aurora B, n511 for PRC1; Fig. 3E,F) . Strikingly, when cells were depleted of both MgcRacGAP and a-actinin (supplementary material Fig. S7 ), astral microtubules failed to stably associate with the cell cortex (n516; Fig. 3G ,H). Taken together, these results suggest that a-actinin is required to maintain the dynamic status of astral microtubules by preventing the recruitment of centralspindlin but neither CPC nor PRC1 to astral microtubules.
During late mitosis, a subset of astral microtubules was elongated to the equatorial cortex, while well-organized midzone microtubules were formed in control cells (Fig. 4A ,B, Microtubules, control). In contrast, in cells depleted of a-actinin, astral microtubules were extensively elongated toward the entire cortex and midzone microtubules were poorly organized ( Fig. 4A ,B, Microtubules, a-actinin siRNA). Both MKLP1 and MgcRacGAP were concentrated to the midzone in control cells, whereas they were detected throughout entire cortex with dot-like structures and failed to fully concentrate in the midzone in cells depleted of a-actinin (3/8 for MKLP1, Fig. 4A ; 6/19 for MgcRacGAP, Fig. 4B ). These results suggest that aberrant recruitment of centralspindlin to polar astral microtubules induced by depletion of a-actinin leads to impaired formation of midzone microtubules.
We quantified the size of dot-like structures of MKLP1 that were localized throughout the cell at metaphase and outside the equator at anaphase in cells depleted of a-actinin ( Fig. 4C-E ; supplementary material Fig. S8 ). In control cells, more than 90% of the MKLP1 dots were #3.6610 23 mm 2 in both metaphase and anaphase cells (supplementary material Fig. S8 ). In contrast, more than 25% and 32% of the MKLP1 dots were .3.6610 23 mm 2 in cells depleted of a-actinin at metaphase and anaphase, respectively (supplementary material Fig. S8 ). Moreover, in cells depleted of a-actinin at anaphase, ,55% of the dots that showed .3.6610 23 mm 2 were .7.2610 23 mm 2 (Fig. 4E) . A recent study demonstrated that centralspindlin formed clusters through Zen-4, an MKLP1 homolog in nematode (Hutterer et al., 2009 ). Our results suggest that centralspindlin forms larger clusters after cells enter anaphase and that clustering may be at least partly involved in the a-actinin-mediated mechanism. When cells depleted of a-actinin were treated with blebbistatin, no apparent defects in microtubule organization as well as MKLP1 localization were detected (0/9; Fig. 4F ).
In cells depleted of a-actinin, a fraction of aurora B remained associated with chromosomes (4/13; Fig. 4G , a-actinin siRNA, arrows), whereas it was concentrated to equatorial microtubules in control cells (12/12; Fig. 4G, control) , indicating that midzone microtubules are not properly assembled most likely due to lack of non-microtubule-associated centralspindlin that is required for their assembly. Aurora B was rarely observed at the tips of polar astral microtubules in cells depleted of a-actinin (Fig. 4G, aactinin siRNA) . However, we cannot rule out the possibility that undetectable level of aurora B might be recruited to them (Murata-Hori and Wang, 2002) . PRC1 localization was not affected by depletion of a-actinin (Fig. 4H) . These results suggest that a-actinin is required to prevent aberrant recruitment of centralspindlin to polar astral microtubules and thus for midzone microtubule formation during late anaphase. Fig. 4I shows the summary of the effects of depletion of a-actinin on microtubule organization and localization of centralspindlin and the CPC. Although aurora B may signal cytokinesis (Murata-Hori and Wang, 2002; Hu et al., 2008) , the present study suggests that centralspindlin, most probably together with the RhoGEF Ect2 (Chalamalasetty et al., 2006; Kamijo et al., 2006; Nishimura and Yonemura, 2006; Zhao and Fang, 2005; Yüce et al., 2005) , could be sufficient for induction of furrowing likely through regulating Rho pathway (see also below). Interestingly, a recent study using nematodes suggests that centralspindlin and the CPC contribute to cytokinesis independently (Lewellyn et al., 2011) .
How does a-actinin regulate microtubules at the equator during cytokinesis in normal condition? Several studies have revealed that centralspindlin accumulates at the tips of microtubules at the cortex of the midzone (D' Avino et al., 2006; Nishimura and Yonemura, 2006; Hu et al., 2008) . After anaphase onset, aactinin accumulates at the equator in an actin-dependent manner (Low et al., 2010) . a-actinin is highly dynamic at the equatorial region compared to the polar regions (Mukhina et al., 2007) . The difference of its dynamics between these regions likely reflects the difference in the F-actin crosslinking status and thus cortical contractility. It is possible that cortical contractility is higher at the equatorial region than other regions even before furrow initiation. High levels of cortical contractility at the equatorial region likely promote recruitment of centralspindlin to microtubules and lead to their stable association with the cortex at this region. This possibility is supported by the evidence that MKLP1 was rarely detected at the equatorial cortex before furrow initiation when cells were treated with blebbistatin ( Fig. 4F; supplementary material Fig. S9 ). Stabilized equatorial microtubules activate Rho, leading to increased myosin II activity through regulating its downstream effectors . Increased myosin II activity would promote release of a-actinin from the equatorial region (Mukhina et al., 2007; Reichl and Robinson, 2007) , leading to an increase in cortical contractility and thus allowing contraction to proceed. Increased cortical contractility then promotes recruitment of centralspindlin to astral microtubules at the equatorial region, creating positive feedback loop in promoting cytokinesis (Fig. 4J) .
Our observations suggest that the different F-actin crosslinking status by a-actinin between equatorial and polar regions is critical for the formation of different populations of microtubules during cell division. Such difference is likely due to different myosin II activity and/or actin dynamics/organization between these regions. Previous studies have demonstrated that actin is highly dynamic at the equatorial region (Murthy and Wadsworth, 2005; Pelham and Chang, 2002) , suggesting that the dynamic state of actin is important for that of a-actinin. Thus, assembly of dynamic F-actin may be crucial not only for proper cortical ingression (O'Connell et al., 2001 ) but for local stabilization of microtubules at the equator during cytokinesis.
Materials and Methods
Cell culture, microscopy and image processing NRK cells and HeLa cells were maintained and grown on glass chamber dishes as previously described (Miyauchi et al., 2007; Mukhina et al., 2007) . Live-cell images were acquired and processed as described previously (Mukhina et al., 2007) .
Immunofluorescence staining was analyzed using a LSM 510 Meta confocal microscope system. Stacks of images were collected at a vertical interval of 0.3 mm and projected with a maximum-intensity algorithm using Image J.
Plasmids, RNA interference and transfection a-actinin-GFP (a-actinin-4-GFP) was a gift from Dr Carol Otey (University of North Carolina, USA). GFP-a-tubulin was from BD Biosciences Clontech. CherryFP-a-tubulin was constructed using GFP-a-tubulin by replacing a DNA fragment encoding GFP with CherryFP. CherryFP tagged shRNA targeting rat aactinin-4 was constructed using that tagged with GFP (SABiosciences).
siRNAs target sequences for human a-actinin 1 and 4, rat a-actinin 4 and human MgcRacGAP are follows: human a-actinin 1 siRNA, 59-AAGGTGGAGGAAGA-AATCCAG-39, human a-actinin 4 siRNA, 59-AAGATGGTATGGACGATG-AAC-39, rat a-actinin 4 siRNA, 59-AUGUCUUGGAUGGCGAACCTG-39, human MgcRacGAP siRNA, 59-AAGACTCTTCTTTGGTGAAGA-39, scrambled siRNA, 59-AACCTGTCGCTTTCGCGTCTG-39. All siRNAs were synthesized using Silencer R siRNA construction kit from Ambion. siRNA targeting rat a-actinin 4 was microinjected into NRK cells expressing CherryFP-a-tubulin (see below) as described previously (Mukhina et al., 2007) . Transfection of plasmids or siRNAs into cells was performed using Lipofectamine (Invitrogen) according to manufacturer's instruction. siRNAs targeting both human a-actinin 1 and 4 and/or MgcRacGAP were transfected into HeLa cells at the final concentration of 100, 200 and 50 nM, respectively, and were incubated for 72 h.
The protein level of a-actinin and MgcRacGAP was examined by immunoblotting using antibodies against a-actinin (Sigma, BM-75.2) that detected both a-actinin 1 and 4 (Schnizler et al., 2009 ) and (Abnova, 1G6) respectively. GAPDH was used for a loading control (IMGENEX).
An NRK cell line stably expressing CherryFP-a-tubulin was generated using 800 mg/ml G418 (Life Technologies).
Kymographic analysis and quantification of fluorescence signals
For kymographic analysis, time-lapse images of NRK cells expressing CherryFPa-tubulin were acquired using a spinning disk confocal microscopy system (Miyauchi et al., 2007 ). Regions of interest were then selected and kymograph was generated using Metamorph software (Universal Imaging).
Mean fluorescent intensity of F-actin in the whole cell was measured using Metamorph software. Graphs representing the quantification of F-actin fluorescence intensity show the ratio of average F-actin fluorescence intensity of treated cells over average of mean F-actin fluorescence intensity of control cells.
Statistical analysis was performed using Excel (Microsoft) or Prism (GraphPad).
Immunofluorescence
Immunofluorescence was performed as described previously (Wheatley and Wang, 1998) . Cells were fixed with either 4% paraformaldehyde (for a-actinin, EB1, MKLP1, MgcRacGAP, and aurora B) or methanol (for PRC1). Primary antibodies were diluted as follows: 1:400 anti-a-actinin rabbit antibody (ImmunoGlobe), 1:300 anti-EB1 mouse antibody (BD Biotechnologies), 1:100 anti-MKLP1 rabbit antibody, 1:200 anti-MgcRacGAP rabbit antibody (Genetex), 1:100 anti-AIM1 (aurora B) mouse antibody (Upstate), 1:200 anti-PRC1 goat antibody (Santa Cruz Biotechnology), 1:500 anti-a-tubulin mouse antibody (Sigma), and 1:200 anti-atubulin rabbit antibody (Abcam). Goat anti-mouse, goat anti-rabbit or rabbit antigoat antibody conjugated with either Alexa Fluor 488 or 546 (Molecular Probes) was used at a dilution of 1:200 as the secondary antibody.
Rhodamine-phalloidin (Invitrogen) and Hoechst 33258 were used at a dilution of 1:200 and 100 ng/ml (Sigma-Aldrich), respectively.
Drug treatment
Cells were treated with either 2 mg/ml cell permeable C3 exoenzyme (Cytoskeleton) for 4-5 h, 1 mM latrunculin A (Molecular probes) for 1 h, 100 mM S-(2) isomer of blebbistatin (Toronto Research) for 45-90 min, or 0.33 mM nocodazole (Sigma) for 6 h before fixation. HeLa cells depleted of a-actinin exhibit cytokinetic defects similar to those observed in NRK cells depleted of a-actinin (Mukhina et al., 2007) . Time elapsed in mins:seconds after anaphase onset. Bar, 10 mm. Single confocal images of HeLa cells treated with DMSO or blebbistatin that were stained for microtubules (green), MKLP1 (red) and DNA (blue). Note that MKLP1 is associated with the equatorial astral microtubules in DMSO-treated cells (arrows), whereas it is rarely detected at the equatorial cortex in blebbistatin-treated cells before furrow initiation (arrows). Bar, 10 mm.
